We propose that the abundance anomalies of proton-capture elements in globular clusters, such as the C-N, Na-O, Mg-Al and Na-F anti-correlations, were produced by super-massive stars with M ∼ 10 4 M ⊙ . Such stars could form in the runaway collisions of massive stars that sank to the cluster center as a result of dynamical friction, or via the direct collapse of the low-metallicity gas cloud from which the cluster formed. To explain the observed abundance anomalies, we assume that the super-massive stars had lost significant fractions of their initial masses when only a small mass fraction of hydrogen, ∆X ∼ 0.15, was transformed into helium. We speculate that the required mass loss might be caused by the super-Eddington radiation continuum-driven stellar wind or by the diffusive mode of the Jeans instability.
Introduction
The history of globular-cluster abundance anomalies dates back to the 1970's (e.g. Kraft 1979) . A recent comprehensive review of the problem is given by Gratton et al. (2012) . In this review a compilation of the Na-O anti-correlations for a number of globular clusters (GCs) is shown. Other anti-correlations are also observed (e.g. C-N and Mg-Al) but the one involving Na and O has come to practically define the GC multiple population problem. The combinations of chemical elements in these anti-correlations unambiguously indicate that they resulted from hydrogen burning in the CNO, NeNa, and MgAl cycles (Denisenkov & Denisenkova 1990; Langer & Hoffman 1995) . The direct evidence of the He abundance variations between red giants in GCs (e.g. Pasquini et al. 2011; Dupree et al. 2011 ) supports this conclusion. However, the fact that the similar abundance anomalies are found not only in red giants but also in main sequence (MS) turn-off and early subgiant stars (e.g. Gratton et al. 2001 ) implies that they were produced by the extinct first generation of GC stars.
Presently there are two main proposed sources for polluting the original gas in GCs. The first is fast rotating massive stars (Decressin et al. 2007 ) and the second is hot-bottom burning (HBB) in intermediate-mass and massive AGB stars (Dantona et al. 1983; Ventura et al. 2013) . In the first case, the mass lost from the rotating stars is assumed to form the second generation of stars, while in the second case it is mass lost from the first generation AGB stars. Examples of how the AGB stars might solve the multiple population problem are given in the works of Bekki et al. (2007) , D 'Ercole et al. (2010) , and Herwig et al. (2012) .
Potential problems with both schemes include having unwanted pollution from the first generation supernovae and not having the time or the environment to allow the second stellar generation material to reassemble and form stars. From the nucleosynthesis point of view, H burning in the MS stars with 20 M ⊙ ≤ M ≤ 120 M ⊙ considered by Decressin et al. (2007) occurs at central temperatures T c 60 × 10 6 K that are not sufficient to transform 24 Mg into Al, as is often seen in GC stars, while the physical conditions for the required O depletion during HBB in the AGB stars lead to even a stronger Mg destruction (Denissenkov & Herwig 2003) or to a deficit of Na (Ventura et al. 2013) , neither of which has been observed.
In this paper, we propose super-massive stars (hereafter, SMSs) with M ∼ 10 4 M ⊙ as a main source of the abundance anomalies of proton-capture elements, i.e. C, N, O, Na, Mg, Al, F, and He, in GCs. Our solution of the problem has been motivated by (1) the accumulating evidence of the presence of intermediate-mass black holes (IMBHs) in GCs (e.g. Lützgendorf et al. 2013) , that could be remnants of SMSs, (2) the results of numerical simulations of runaway massive star collisions that explain the formation of SMSs in the cores of young dense star clusters (Portegies Zwart et al. 1999 , and (3) the astonishing resemblance of theoretical anti-correlations between the proton-capture elements obtained with our SMS models to the ones observed in GCs.
The Formation of SMSs in GCs
Portegies Zwart et al. (2004) performed numerical simulations of the evolution and motion of stars in two young clusters, MGG 9 and MGG 11, located near the center of the starburst galaxy M 82. To explain the presence of a luminous X-ray source, presumably an IMBH with a mass of at least 350 M ⊙ , in MGG 11 and the absence of such an object in MGG 9, they estimated masses and projected half-light radii of the two clusters and came to the conclusion that only MGG 11 was dense enough for massive zero-age MS stars to be able to sink to its center, as a result of dynamical friction, before exploding as supernovae. After reaching the center, the massive stars are predicted to undergo multiple collisions with each other in a runaway process that eventually leads to the formation of an SMS (Portegies Zwart et al. 1999 ). Portegies Zwart et al. (2004) reported that for the cluster MGG 11, whose total estimated mass was (3.5 ± 0.7) × 10 5 M ⊙ , the mass of such a runaway merger product should be ∼ 10 3 M ⊙ . Later, Portegies Zwart et al. (2006) investigated the possibility that the IMBH remnants of runaway SMSs in young dense star clusters that formed within the inner 100 pc of the Milky Way could contribute to the growth of the supermassive black hole in the Galactic center. They used the following fitting formula for the mass of the runaway SMS:
where M tot is the total cluster mass, and t rh is the dynamical relaxation time at the mean density of the inner half of the cluster's mass. Equation (1) was calibrated by N-body simulations for a Salpeter-like IMF. For the range of initial masses of GCs that formed nearly 12 Gyr ago and survived until the present day, 4 × 10
Myr. However, given that many of the present-day GCs have t rh ∼ 1000 Myr (Harris 2010) , the estimated M SMS values should probably be reduced by a third. It is interesting that the masses of IMBHs measured in GCs seem to correlate with their M tot (Lützgendorf et al. 2013) , which is in a qualitative agreement with formula (1), provided that M IMBH ∝ M SMS . These arguments give us grounds to explore the hypothesis that the GC abundance anomalies were produced by SMSs.
The Core Hydrogen Burning in SMSs
To model the internal structure and evolution of SMSs, we have used the MESA star module with the default opacities, EOS, and reaction rates (Paxton et al. 2011) . Our adopted nuclear network includes 31 isotopes from 1 H to 28 Si coupled by 60 nuclear reactions of the pp chains, CNO, NeNa, and MgAl cycles, as well as He and C burning. Because the SMSs are radiation pressure dominated objects with super-Eddington luminosities, we have used a new MESA option recommended for such cases (Paxton et al. 2013 ) that reduces the superadiabatic temperature gradient making it closer to the adiabatic one. For the initial chemical In our solution of the problem, we postulate that the SMSs responsible for the abundance anomalies of proton-capture elements in GCs continue to burn H in their cores only until the central He abundance increases by ∆Y = 0.15 which approximately corresponds to the largest difference in Y between Na-poor and Na-rich sub-populations of GC stars (e.g. Pasquini et al. 2011; King et al. 2012) . After that, the SMSs are assumed to lose the greater part of their mass, presumably as a result of various instabilities and strong stellar wind. The rest part of SMSs eventually collapses to directly form IMBHs (Heger et al. 2003) . The mass lost from SMSs is mixed with the original gas in different proportions, and the second generation of GC stars is formed from this mixture.
We have found that the best agreement with observations is obtained for SMSs with masses close to the upper limit estimated with formula (1). In Fig. 1 The agreement between the observations and theory is astonishing, especially in Fig. 1 , including the correlations of the Mg isotopic fractions with [Al/Fe] that have recently been complemented by Da Costa et al. (2013) . From the nucleosynthesis point of view, this result is not surprising because first Denissenkov et al. (1998) and then independently Prantzos et al. (2007) demonstrated that the GC abundance anomalies could be the products of H burning at T ≈ 74 × 10 6 K, that had consumed only a few percent of initial hydrogen, mixed with the original gas. However, the question about a main stellar source in which these conditions can be realized has remained unanswered. We think that the SMSs with masses ∼ 10 4 M ⊙ could be such a source because our models have the required central temperatures 74 × 10 6 K T c 78 × 10 6 K. Besides, the plausible mechanism of their formation via the runaway star merger in young dense star clusters that are similar to young GCs (Portegies Zwart et al. 2004) as well as the possible presence of IMBHs with masses larger than 10 3 M ⊙ in the present-day GCs (Lützgendorf et al. 2013 ) strongly support our hypothesis.
Mass Loss From SMSs
In this section, we speculate on mechanisms that may explain why SMSs lose significant fractions of their initial masses soon after arriving on the zero-age MS.
Although there have been many attempts to estimate mass loss rates for very massive and super-massive stars and include them in stellar evolution computations (e.g. Owocki et al. 2004; Smith & Owocki 2006; Yungelson et al. 2008; Dotan & Shaviv 2012) , they still remain very uncertain, especially for objects with super-Eddington luminosities. The most relevant results presented in these works can be summarized as follows (Dotan & Shaviv 2012) . The radiative luminosity stays below its Eddington limit in deep interiors of SMSs, where convection is very efficient and able to carry the super-Eddington energy flux. Closer to the atmosphere, where L approaches L Edd , various dynamical instabilities create spatial inhomogeneities ("a porous atmosphere", Owocki et al. 2004 ). This reduces the effective opacity, which increases L Edd above its classical value. Finally, at a larger radius, the clumps become optically thin, allowing the radiative flux to accelerate them against the gravity force. This produces a continuum-driven stellar wind. It is believed that such super-Eddington winds, driven by the continuum radiation pressure, might be responsible for the extremely high mass loss rates,Ṁ ∼ 0.01 -0.5 M ⊙ /yr, in η Car and other luminous blue variable (LBV) stars (Smith & Owocki 2006 ). In our SMS models, such a strong stellar wind could disperse significant masses by the moment when Y has increased by ∆Y = 0.15, which takes ∼ 10 5 years. Thompson (2008) has proposed that massive stars in which the radiation pressure dominates over the gas pressure may be locally unstable with respect to a diffusive mode of the Jeans instability. The growth timescale of this mode is the Kelvin-Helmholz time
where c 2 s,r = (4P r /3ρ) is the square of the adiabatic sound speed for the radiation pressure P r and density ρ, and κ is the Thomson electron scattering opacity. It is important that t KH is independent of spatial scale, therefore the diffusive Jeans instability may lead to fragmentation of SMSs on this timescale. In Fig. 3 , the solid blue curve shows a profile of t KH in our 2 × 10 4 M ⊙ model at the moment when Y = 0.40, while the dashed red line gives its corresponding age. We see that it is the layers closest to the surface, but below the photosphere, so that they still remain optically thick as required for the diffusive mode, that may become unstable and begin falling apart first. Then the deeper layers may get involved in the fragmentation. Eventually, only the central core may be left intact that will form an IMBH. Note that a reduction of κ in equation (2) caused by the porosity of the super-Eddington layers should decrease t KH . Also, the clumps formed via the diffusive Jeans instability may be scattered by the continuum-driven wind.
Conclusion
We have proposed that the super-massive stars (SMSs) with M ∼ 10 4 M ⊙ had been the main source that polluted the original gas in globular clusters (GCs) with the products of hydrogen burning. It is amazing how well this hypothesis explains the characteristic features of the abundance anomalies of proton-capture elements, such as the C-N, Na-O, Na-F, 24 Mg-Al anti-correlations and the 26 Mg-Al correlation ( Fig. 1 and Fig. 2) , and the star-to-star variations of the He abundance, ∆Y ∼ 0.15, in the presently observed GC stars. We have found that the main-sequence SMSs with M = 2 × 10 4 M ⊙ , 3 × 10 4 M ⊙ , and 4 × 10 4 M ⊙ have the central temperatures comparable to T c ≈ 74 × 10 6 K that, as was first shown by the "black box" model of Denissenkov et al. (1998) , is required to reproduce the GC abundance anomalies. However, like in the "black box" model, we have to postulate that only a small mass fraction of hydrogen, ∆X ∼ 0.15, was transformed into He in the SMSs before they lost significant fractions of their initial masses. We speculate that it is the superEddington radiation continuum-driven wind (Dotan & Shaviv 2012) or the diffusive mode of the Jeans instability (Thompson 2008 ) that might result in the required mass loss, but we realize that this part of our solution needs further development. As regards the formation of the SMSs in young GCs, we consider the runaway collisions of massive stars that sink to the cluster center through dynamical friction (Portegies Zwart et al. 2004 ) as a very promising mechanism. Potentially, it could explain why only GCs, but not dwarf galaxies have such the abundance anomalies. The answer would be that the young dwarf galaxies were not compact enough for their first generation massive stars to sink to their central parts and merge there before exploding as supernovae or that they formed differently from GCs. Another more speculative scenario for the origin of the SMSs is that they form during the initial collapse of the low-metallicity gas clouds from which the clusters form. If the gas at the center cannot cool as fast as it collapses then it cannot fragment and instead may form an SMS. Yet another possibility for the formation of SMSs assumes that a young star can simultaneously accrete material from the protostellar cloud through an equatorial accretion disk and lose gas (initially, with a lower rate, so that its mass increases until the accretion and loss rates are equalized) in the polar directions via stellar wind (Tutukov & Fedorova 2008) . If normal stars then form from the mass lost from the clearly unstable SMSs then the concept from previous work of a first and second generation of star formation becomes blurred.
Any scenario explaining the origin of the abundance anomalies in GC low-mass stars by H burning in their more massive counterparts encounters the mass budget problem. Indeed, for the Salpeter IMF, the ratio of the mass in stars with 0.1 M ⊙ ≤ M ≤ 3 M ⊙ to the total cluster mass is M low /M cl ≈ 0.76, while the corresponding ratios for the mass lost by AGB stars with the initial masses 3 M ⊙ ≤ M ≤ 8 M ⊙ and for the total mass of massive stars with 20 M ⊙ ≤ M ≤ 120 M ⊙ are M AGB /M cl ≈ 0.079 and M mas /M cl ≈ 0.080. Observations show that a significant fraction of low-mass stars in GCs has been polluted by the products of H burning (Gratton et al. 2012) , for which the last two mass ratios would be insufficient by an order of magnitude. The most popular solution of this problem is to assume that (1) M cl was initialy higher, at least, by the factor of 10, (2) the pollution took place only in a central part of the young cluster, where the AGB and massive stars rapidly migrated to, and (3) unpolluted stars from the cluster periphery were preferentially lost (Bekki et al. 2007 ).
In our solution of the mass budget problem, we assume that M cl has not changed much since the cluster formation (VandenBerg et al. 2013) . Then, for a typical mass of a few 10 5 M ⊙ of the present-day GCs, we have M SMS /M cl ∼ 0.1. Now, we note that it takes only about 10 5 years for our SMS models to produce the required abundance anomalies and deposit them into the inter-stellar medium. If the original gas remained in the young cluster for a few million years, the SMS might continue to accrete it through an equatorial disk, while losing its H-burning products via the strong stellar wind in the polar directions. We speculate that such a state, in which the SMS has reached its maximum mass and its mass accretion and loss rates are equal, can persist for a few million years and, as a result, the 3 × 10 4 M ⊙ star can partially process as much as a few 10 5 M ⊙ that is comparable to the total cluster mass. We think that our hypothesis is indirectly supported by the evidence of the presence of intermediate-mass black holes in GCs (Lützgendorf et al. 2013 ). Fig. 1 , but for the Na-F anti-correlation for M 4 red giants from the work of Smith et al. (2005) . Lower panel: same as in Fig. 1 , but for the C-N anti-correlation reported by Carretta et al. (2005) for the slightly evolved stars in the GCs GC 6397 (blue squares), NGC 6752 (green circles), and 47 Tuc (red triangles). Open symbols are dwarfs and filled symbols are subgiants. For the C-N case, the three SMS models predict the same results. Crosses in the panels show the errorbars. 
